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The syntheses of five titanium silicides (TisSi, TiSi,, TisSis, TisSiz, and TiSi) by mechanical
alloying (MA) have been investigated. Rapid, self-propagating high temperature synthesis
(SHS) reactions were involved in producing the last three materials during room
temperature high-energy ball-milling of elemental powders. Such reactions appeared to
occur through ignition by mechanical impact in the fine powder mixture formed after a
critical milling period. From in-situ thermal analyses, each critical milling period for the
formation of TisSiy, TigSiz, and TiSi was observed to be 22, 35.5 and 53.5 minutes,
respectively. However, the formation of TizSi and TiSi, did not occur even after 360 minutes
of milling of as-received Ti and Si powder mixture, due to the lack of homogeneity of the
powder mixture. Other ball-milling procedures were employed for the syntheses of Ti3Si
and TiSi, using different sizes of Si powder and milling medium materials. Ti3Si was
synthesized by milling a Ti and 60 minutes premilled Si powder mixture for 240 minutes.
a-TiSi, and TiSi, were produced by high energy partially stabilized zirconia (PSZ)
ball-milling for 360 minutes in a steel vial followed by jar-milling of a Ti and 60 min
premilled Si powder mixture for 48 hr. The formation of Ti3Si and TiSi, occurs through a
slow solid state diffusion reaction, and the product(s) and reactants coexist for a certain
period of time. The formation of titanium silicides by MA and the reaction rate appeared to
depend on the homogeneity of the powder mixture, milling medium materials, and heat of
formation of the product involved. © 2001 Kluwer Academic Publishers

1. Introduction Titanium silicides have attracted more interest re-
The synthesis of nanocrystalline intermetallics withcently because a number of their properties have po-
high melting points [1, 2] viamechanical alloying (MA) tential in materials applications. Characteristics which
has been attempted in numerous studies. Materials irmake them promising high temperature structural ma-
clude Ni- and Cu-aluminides [3-7], carbides such aderials include low temperature toughness, high tem-
TiC [8], and Mo-silicides [9-13]. In general, combus- perature strength and creep resistance, oxidation re-
tion reactions have been initiated by ball-milling in a sistance, and relatively low density [17,18]. They can
variety of highly exothermic reaction mixtures. The for- also be used in microelectronics as interconnections
mation of intermetallics from their elemental compo- and diffusion barriers for integrated circuits, where low
nents accelerates during ball-milling to become a selfelectrical resistivity and chemical compatibility with
sustaining high temperature reaction [14, 15]. The masilicone substrates have resulted in a variety of applica-
jor advantages of this processing method are highetions [17]. Their high thermal and electrical conductiv-
energy efficiency, higher productivity, shorter process-ity also make them attractive materials for the design
ing cycle times, and better purification capability thanof new optical carriers of information that require high
the conventional reaction process [16]. stability and resistance [19].

* Author to whom all correspondence should be addressed.

0022-2461 © 2001 Kluwer Academic Publishers 363



In spite of their research significance, in recent years
there have been relatively few studies on the prepara-
tion of titanium silicides by means of MA [2,20-22].
This can be attributed to poor conversion of reactants to
the desired titanium silicide. Optimizing the processing
variables is expected to be a key issue for the products.
For better control of the process, an understanding of
the formation mechanism(s) of titanium silicides [23]
by MA is essential. In this paper, experimental stud-
ies have been designed to achieve a better conversion
of reactants to the product via MA. The main focus
has been on elucidating the formation mechanism of
the product. Mechanical alloying of titanium silicides
such as THSiy, TisSiz, TiSi, Ti3zSi, and TiSj has been
emphasized in this paper.

2. Experimental
Mechanical alloying (MA) was performed using Spex

8000D Mixer/Mills (SPEX Industries, Inc.) and cylin- 2 i) .

drical partially stabilized zirconia (PSZ) or steel vials 9 622 °C (23 min)

(38 mm in inner diameter and 52 mm long). Ele- g R i A
ment powders and high Cr hardened steel or PSZ ball: & i i L
(12.7 mm and 6.4 mm diameters) were placed in the ;i 8 E R
vial in an Ar-flushed glove box to avoid excessive ox- &

idation. The mass of the powder charge was 7g. The
mass ratio of ball to powder was 5: 1 in all cases. The
average powder particle sizes of as-received Ti and S
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were 72.1um and 19.1um, respectively. The purity of

the powders was better than 99.95%. For each designed
phase, the Charged atomic ratio of the reactants corredsgure 1 (a) XRD patterns of the steel ball-milled Ti-44.4 at. % Si pow-
sponded to the reaction stoichiometry. When transfor_dermixtureinaP$ZviaI atvarious MAtimes, (b)situthe_rma_l analysis
mation to titanium silicide failed with this procedure, of Ti-44.4 at. % Si powder mixture with respect to milling time.
another ball-milling procedure of the element powders

was employed that utilized different sizes of Si powdertjon of the high temperature phase. This resultis in good
and milling medium materials. _ agreement with thermodynamics.

~ The phase composition of the reaction products was Tq correlate the milling time with the thermal behav-
investigated by X-ray diffraction (XRD) using Cu.K jor of the reactionin-situthermal analysis of Ti-44 at. %
radiation. In order to monitor the progress of the re-g;j powder mixture with respect to milling time was
action, each heating curve measurement was obtaingshtained as shown in Fig. 1b. The temperature of the
by in-situ thermal analysis using a type K non-contact middie of the vial wall slowly increased from 25:6 to
infrared thermometer (sensitivity:2°C). 36.6°C after 22 minutes of milling and reached 622

in about 1 minutes. Instant ignition is clearly indicated
by the abrupt temperature increase. After 120 minutes
of milling, the temperature decreased to 4C2vhile

the ambient temperature was Z3 Considering the
sudden exothermic reaction process, the reaction of el-
emental Ti and Sito form §Bis under current condition
can be attributed to a self-propagating high-temperature

s?ovy”n_ in FLg. 1. hThe XRD patterns ?Iftr?rdzo minL't(eszynthesis (SHS) reaction similar to that observed pre-
of milling show that no reaction at all had occurred, o\ q1y by Kachelmyest al. [21].

as indicated by the presence of the sharp peaks of the

starting elements Ti and Si. Increasing the milling time

up to 23 minutes caused total disappearance of Tipeak3. 1.2. Synthesis of Ti5Si3

and significant reduction of Si peaks as well as forma+ig. 2a shows XRD patterns of the steel ball-milled Ti-
tion of some TiSis, low temperature phase (LT)sBis,  37.5 at. % Si powder mixture in a PSZ vial at various
and high temperature phase (HT}3i,. After 60 min-  MA times. Increasing milling time up to 30 minutes
utes of MA, peaks corresponding to elemental Si com-causes considerable reduction of both Ti and Si peak
pletely disappeared and complete transformation to inintensities and formation of trace amounts ofSi.
termetallic compounds was obtained. It can be seen thdimcreasing the milling time to 36.5 minutes leads to al-
the lower energetic input such as shorter milling timemost complete disappearance of both Ti and Si peaks
favors the formation of the low temperature phase ofand formation of T§Siz and trace amounts of LT g$i4.
TisSis, while the longer milling time promotes forma- After 60 minutes of milling, complete transformation

Milling time (min)

3. Results and Discussion

3.1. Syntheses of TisSi4, TisSi3, and TiSi

3.1.1. Synthesis of Ti5Siy

XRD patterns of the steel ball-milled Ti-44.4 at. % Si
powder mixture in a PSZ vial at various MA times are
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Figure 2 (a) XRD patterns of the steel ball-milled Ti-37.5 at. % Si pow-
der mixture ina PSZ vial at various MA times, (h)situthermal analysis

of Ti-37.5 at. % Si powder mixture with respect to milling time. Figure 3 (a) XRD patterns of the steel ball-milled Ti-50.0 at. % Si pow-

der mixture ina PSZ vial at various MA times, {b)situthermal analysis
of Ti-50.0 at. % Si powder mixture with respect to milling time.

to TisSiz occurred. In general peak intensities corre-
sponding to TiSiz decreased with increased milling
time, which can be attributed to further size reduction
of the TisSiz particles.

In-situ thermal analysis of Ti-37.5 at. % Si powder
mixture with respect to milling time is shown in Fig. 2b.
e e S0l TSl and TS by A under curent exper.

imental conditions can not be explained by a solid

milling. It Fhus appears thatthe abrupt reaction PrOCES3ate interface diffusion reaction. The mechanical im-
at 36.5 minutes is also governed by a SHS reaction.

pact during ball milling can not produce high enough
energy to alloy the powder mixture in such a short pe-
3.1.3. Synthesis of TiSi riod of MA in the absence of a sudden exothermic reac-
XRD patterns of the steel ball-milled Ti-50.0 at. % Si tion. It usually takes as much as 10-20 hours to alloy a
powder mixture in a PSZ vial at various MA times are powder mixture through a solid state interface diffusion
shown in Fig. 3a. 30 minutes of milling produced no re-reaction mechanism [24, 25]. It was reported that it is
action at all. Increasing the milling time up to 54.5 min- impossible to obtain a SHS reaction below 1500 K and
utes leads to complete disappearance of Ti peaks ardifficult between 1500 K and 2000 K [26]. However, by
coexistence of intermetallics such as LT and HSIj,  applying ignition or MA, a SHS reaction is possible in
and TiSias well as trace amounts of Si. After 90 minuteghese temperature ranges [26]. It was also reported that
of milling, peaks of Si completely disappeared, whichimportant conditions for the SHS reaction are: the heat
can be attributed to dissolution of Si ins8ij. of formation (A Hagg) of the product must have a large
In-situthermal analysis of the Ti-50.0 at. % Si powder negative value and/or the mean particle size of powder
mixture with respect to milling time is shown in Fig. 3b. mixture must reach a critical value [27]. Since a powder
The temperature of the middle of vial wall suddenly mixture having higher deformation and higher density
increased from 40.ZC to 62.8°C in about 1 minute of defects reduces the required ignition temperature,

after 54.5 minutes of milling and then slowly decreased
to 41.4°C after 120 minutes of milling. The sudden
exothermic reaction process at 54.5 minutes can also
be attributed to a SHS reaction (of TiSi).

The formation mechanism of Ti silicides such as
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TABLE | Critical milling times for the SHS reactions of 58is,
TisSis, and TiSi, and heats of formation of titanium silicide

Critical milling
Compounds AH (kJ/mol.at.) time (min)

TisSis —81.0 22.0
TisSi3 —72.5 355
TiSi —64.9 53.5
TizSi —53.0 N/A
TiSi3 —44.8 N/A

the SHS reaction can easily take place in a short perioc
of milling.

Under current experimental conditions, the SHS re-
action may occur in one particle or a small local volume
of the powder mixture having a critical particle size,
since the particle size distribution of the powder mix-
ture is in general heterogeneous. Once triggered by th
mechanical impact, the large heat of formation of Ti
silicide (TisSis, TisSi3, and TiSi) supplies the energy
for igniting the neighboring region and the reaction
becomes self-sustaining. This implies that the powdel
mixture after a certain period of ball-milling reaches
a critical value of average particle size fine enough to
accept an easy ignition by the mechanical impact. It
can thus be concluded that the formation mechanisn
of TisSig, TisSiz, and TiSi by MA under current con-
dition is the SHS reaction. It is also confirmed that the
critical milling times for the SHS reaction depend on the 2
absolute value of the heat of formation of the product,>
as listed in Table I.

it)

3.2. Syntheses of TizSi and TiSi,

3.2.1. Synthesis of Ti3Si

XRD patterns of the steel ball-milled Ti-25.0 at. % Si
powdersin a PSZ vial at various MA times are shown in £
Fig. 4a. XRD patterns after 60 minutes of milling show
coexistence of trace amounts og3i and LT TiSiy,

and elemental Ti and Si. Increased milling times up
to 240 minutes, produce no significant changes in the
XRD patterns. The persistence of elemental Ti and Si,
and incomplete transformation toz8i by MA under
current conditions were considered to be due to the
heterogeneous nature of the Ti/Si powder mixture, i.e.,
the vol. % of Siin the powder mixture was much smaller

tensity (Arbitrary

than that of Ti and the mean particle size of the Sirigure 4 XRD patterns of the steel ball-milled Ti-25.0 at. % Si powder
powder was relatively large compared to that of the Timixture in a PSZ vial at various MA times () as-received Si powder and
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powder. It was also thought that the ductile Ti powder(p) 60 min premilied Si powder.

could easily adhere to the container vial wall before
being homogeneously mixed with the brittle Si powder

even in a short period of milling. Therefore in order to ter 180 minutes of milling, elemental Ti and Si peaks
improve the uniform mixture of Ti and Si powders, as- completely disappeared, resulting in complete transfor-

60

80

received Si powder was mechanically ball-milled usingmation to both TiSi and TiSi,. Increasing the milling

the same spex mill before applying a high energy balltime up to 240 minutes leads to more favorable forma-
milling procedure. As a result, the Si powder with ation of crystalline titanium silicide. The milled samples
were further examined by SEM. Resulting SEM mi-
Resulting XRD patterns of the Ti-25.0 at. % pre- crographs of a cross sectional 240 minutes ball-milled
milled Si powder mixture in a PSZ vial after ball- Ti-25.0 at. % as-received Si powder mixture and a Ti-
milling at various MA times are shown in Fig. 4b. 25.0 at. % 60 minutes premilled Si powder mixture
Increasing the milling time up to 120 minutes causesare shown in Fig. 5a and b, respectively. Fig. 5a shows
formation of trace amounts of 3J$i and TiSis. Af-  that no alloying process is observed when using the

mean particle size of Am was obtained.
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Figure 6 XRD patterns of the steel ball-milled Ti-66.7 at. % Si powder
mixture in a PSZ vial at various MA times using as-received Si powder.

Figure 5 SEM micrographs of cross-sectional Ti-25.0 at. % Si powders 180 minutes causes considerable reduction of Ti and Si

mechanically alloyed for 240 min by means of a PSZ vial and steel balls . - ‘-

(a) as-received Si powder and (b) 60 min premilled Si powder. peaks 6}5 well as 'f(')rma'tlon of SomeT|S|_2 and TiSp.
Increasing the milling time up to 360 minutes leads to

coexistence of-TiSiy, TiSi,, and TiSi peaks as well
as-received Si powder. The Ti particles are in light con-2S elemental Ti and Si peaks. Compared to the XRD

trast and the Si particles are in dark contrast. On th&eSult shown in Fig. 6, more peaks corresponding to
other hand, homogeneous structures are achieved whén11Siz were observed between 180 and 360 minutes
using the premilled Si powder, as shown in Fig. 5b. Thedf milling. Under current conditions, itis therefore dif-

SEM observations are thus in good agreement with thgcult. to synthe_size TiSiby changing only the milling
x-ray results. medium materials.

Another mechanical alloying procedure employed a
steel vial, PSZ balls, and a 48 hr milled Ti-66.7 at. %
3.2.2. Synthesis of TiSi» 60 min premilled Si powder mixture. Resulting XRD
Fig. 6 shows XRD patterns of steel ball-milled Ti- patterns at various MA times are shown in Fig. 7b. Af-
66.7 at. % Si powders in a PSZ vial at various MA ter 120 minutes of milling, XRD peaks corresponding
times. XRD patterns after 120 minutes of milling show to «-TiSi, appeared. Increasing milling time up to 360
coexistence of some-TiSi, peaks as well as elemen- minutes causes total disappearance of both Ti and Si
tal Ti and Si peaks. Increasing milling time up to 180 peaks and formation of significant amountsxeTiSi,
minutes produces no significant changes in the XRDas well as trace amounts of T}SHowever, increas-
patterns. The lack of complete transformation to FiSi ing milling time up to 720 minutes leads to no signif-
even after 360 minutes of milling is again consideredicant change in the XRD patterns. The milled samples
to be due to the heterogeneous nature of the Ti and Svere further examined by SEM. Resulting SEM mi-
powders, and adhesion of ductile Ti powder to the vialcrographs of cross sectional Ti-66.7 at. % Si powders
wall due to heat generation. ball-milled for 360 minutes by means of a steel vial and
A steel vial, which has higher conductivity, was usedPSZ balls using as-received Si powder, and 60 minutes
with PSZ balls to increase the yield of TjSiThis pro-  premilled Si powder and a 48 hr jar-milled powder mix-
cedure reduces adhesion of the ductile Ti powder to théure are shown in Fig. 8a and b, respectively. As shown
vial walls by improved dissipation of the heat gener-in Fig. 8a, phase structures showing coexistence of Ti
ated during high energy ball-milling. Resulting XRD (light) and Si (dark) can be observed. Fig. 8b indicates
patterns of the PSZ ball-milled Ti-66.7 at. % Si powderthat the reactions of Ti and Si are almost complete pro-
mixture in a steel vial at various MA times are shown inducing a homogeneous TiSphase. The SEM obser-
Fig. 7a. The XRD patterns after 120 minutes of milling vation is thus in good agreement with the x-ray results.
show that no reaction at all had occurred, similartothe In situ thermal analyses corresponding to both
previous result. However, increased milling time up toFigs 4b and 7b are shown in Fig. 9. Even with increased
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Figure 7 XRD patterns of the PSZ ball-milled Ti-66.7 at. % Si powder Si powders with respect to milling time.
mixture in a steel vial at various MA times (a) as-received Si powder and
(b) 60 min premilled Si powder and 48 hr jar-milled powder mixture. o formation accelerates the transformation to titanium
silicideinashorterignitiontime. The formation o&Hi
MA time up to 360 minutes, no exothermic reactionsand TiSp by mechanical alloying thus occurs through a
have been observed in both cases. slow solid state diffusion reaction mechanism induced
The lack of transformation to 38i and TiSy by by mechanical impact between the balls and powders.
ball-milling through an instant exothermic reaction It was also found that the patrticle size of Si, degree of
can be ascribed to the following; insufficient critical powder mixing, and milling medium materials affect
temperature caused by mechanical impact for the conthe syntheses of 36i and TiSy by mechanical alloying.
bustion reaction to occur in the powder mixture and Inthe present study, titanium silicides such asSTj,
insufficient heat transfer between powder particles aJi5Siz, and TiSi were obtained by MA through a SHS
well as relatively low negative values of the heat ofreaction mechanism. On the other hand, the formation
formation of both TiSi and TiS) compared to ESiq, of TizSi and TiSp occurs through a slow solid state
TisSiz, and TiSi (Table I). A larger value of the heat diffusion reaction mechanism.
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4. Summary and Conclusions 7.
Formation mechanisms of titanium silicides by me-
chanical alloying have been investigated in this work. 8.
The critical milling periods for the formation of §%iy,
TisSiz, and TiSi were determined to be 22.0, 35.5 and g,

53.5 min, respectively by-situthermal analyses. The

formation of those products proceeds through a rapid?

self-propagating high temperature synthesis reactior111
mechanism.

On the other hand, complete transformation t5Ti
and TiSp has not been obtained with milling periods up

to 360 minutes, due to the lack of homogeneity of thel3-

powder mixtures. By introducing finer Si powder and

steel vial instead of a partially stabilized zirconia vial,
it was possible to synthesizez8i and TiSj. In-situ
thermal analyses, however, showed that no exothermic

reactions occurred during ball-milling. The formation 1"
18.

mechanism of BSi and TiS} by mechanical alloying
is thus through a slow solid state diffusion reaction.

In conclusion, the formation of titanium silicides by 19.

mechanical alloying and the reaction rates depend on

several variable parameters such as homogeneity of tH&"

powder mixture, milling medium materials, and heat of,;
formation of the product involved.

22.

23.
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